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157] ABSTRACT

For increased sensitivity a position sensor includes a
magnetic circuit in which the stationary portion In-
cludes a permanent magnet whose width is optimally
1.5 times the tooth pitch of the exciter portion of the
sensor and the magnet face proximate the exciter in-
cludes a thin layer of ferromagnetic material over
which is centered a narrow magnetic sensing element,
such as a magnetoresistor. The sensing element has a
width typically less than the tooth width which 1s be-
tween 0.17 and 0.37 the tooth pitch. The needed flux
density is typically available simply by appropriate
magnet thickness or choice of magnet material without
the need of a flux guide.

18 Claims, 3 Drawing Sheets
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1
HIGH SENSITIVITY MAGNETIC CIRCUIT

FIELD OF THE INVENTION

This invention relates to a position sensor, and more
partincult«.u"lj,ar to a sensor based on sensing changes in
magnetic flux passing through a magnetlc flux sensitive

element.

BACKGROUND OF THE INVENTION

The need for sensing position, speed or acceleration 1s
growing, particularly in the automotive field. Anti-lock
braking systems, traction control systems, electric
power steering, four-wheel steering and throttle control
are examples of functions that can use such sensing.

For such applications, it is desirable to have a position

sensor (speed and acceleration can be derived from a
position signal) that is rugged and reliable, small and
inexpensive, capable of low (including zero) speed sens-
ing and relatively immune to electromagnetic field in-
terference from the other systems used in an automo-
bile.
A well known form of position sensor is a semicon-
ductor magnetoresistive sensor. Such a sensor com-
prises a magnetic circuit that includes two basic parts.
One of these parts, typically kept stationary, includes a
semiconductive sensing element that is sensitive to the
magnetic flux density passing through its surface, and
further includes a permanent magnet for creating a
reference flux. The other of the two parts, termed the
exciter, includes a high magnetic permeability element
with a series of teeth that moves with relation to the
stationary element for changing the reluctance of the
magnetic circuit and for causing the magnetic flux
through the sensing element to vary in a fashion corre-
sponding to the position of the teeth.

Such a sensor is sensitive to the magnetic flux density
rather than to the rate of flux density change and so it

does not have a lower speed limit. This also makes it less
sensitive to E.M.I. Moreover, iis response 1s predictably

related to the distribution of flux density over the sur-
face of the sensing element.

Typically, the stationary part includes a magnetore-
sistive element including a semiconductive element
whose resistance varies with the magnetic flux density
passing through it in controllabie fashion so that an

electrical output signal can be derived. Moreover, when

this magnetoresistor is produced from a high electron
mobility semiconductor, such as compound semicon-
ductors like indium antimonide or indium arsenide, a
large electrical output signal can be available. If the
output signal is sufficiently large, there 1s the possibility
of providing an output signai that requires little or no
further amplification, a factor of considerable advan-
tage.

It is desirable to have a position sensor of high sensi-
tivity so that a large electrical output signal can be
produced efficiently and of easy manufacture so that it
can be made reliably and at low cost.

The magnitude of the flux variations in the sensmg
element for a given change in position of the exciter is
an important factor in determining the sensitivity of the
sensor. Accordingly, a variety of designs have been
- attempted hitherto to maximize the change in the flux
density through the sensor in response to a given
change in exciter position. Typically, these attempits
involved including a flux guide for the permanent mag-
net included in the stationary part of the magnetic cir-
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cuit to provide a return path for the magnetic field of
the magnet. Additionally, sometimes a field concentra-
tor of commensurate size has been provided contiguous
to the magnetoresistive element to concentrate flux
through the magnetoresistive element.

However, for example, such techniques have typi-
cally produced magnetic circuit sensitivities no higher
than about five percent for a typical exciter design hav-
ing a three millimeter tooth pitch and one millimeter
gap, where the sensitivity is defined as the difference
between the maximum and minimum flux densities
sensed divided by the mean flux density sensed (half the
sum of the maximum and minimum flux densities

sensed).

SUMMARY OF THE INVENTION

The present invention is a novel magnetic circuit for
use in a position sensor. It features a simple and planar
geometry that makes it amenable for batch processing
with a consequent saving in manufacturing cost. More-
over, it makes possible attainment of sensitivities appre-
ciably higher than prior art structures.

In particular, the novel magnetic circuit employs a
stationary part that comprises a permanent magnet
whose width is several times wider than that of the
magnetic sensing element and, advantageously, at least
about one and one half times the pitch of the exciter
teeth. Moreover, in the preferred embodiment for fur-
ther improvement in the sensitivity, the surface of the
magnet adjacent to which the teeth pass is provided
with a thin layer of a magnetic material of high permea-
bility and the magnetic sensing element advantageously
is centered on this magnetic layer. Additionally, the
width of the magnetic sensing element i1s desirably nar-
row for maximum sensitivity, but i1s wide enough to
have a suitable resistance for good impedance matching
with the electrical circuit used to detect the change in
properties resulting from the magnetic flux being
sensed. Preferably any flux guide or field concentrator
is avoided by using a magnet of adequate strength.

It is characteristic of this magnetic circuit that the
passing teeth of the exciter essentially vary only the
spatial distribution of the magnetic flux density along
the width of the magnet for creating sharp local flux
density variations that can been readily sensed by the
sensing element, while the total flux density passing
through the thin ferromagnetic layer remains essentially
constant. By way of contrast, in prior art magnetic
circuits, the passing teeth of the exciter vary the circuit
reluctance and consequently vary the total magnetic
flux in the circuit.

The invention will be better understood from the
following more detailed description taken with the ac-
companying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a typical magnetic circuit of a prior art
position sensor of the type using a flux guide return
path;

F1G. 2 shows the magnetic circuit of a position sensor
in accordance with a preferred embodiment of the pres-
ent invention:

FIG. 3 shows in more detail the stationary sensirig

portion of the magnetic circuit shown in FIG. 2;

FIGS. 4A and 4B show the magnetic circuit of FIG.
2 for two different positions of its permanent magnet
relative to the exciter; and
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FIGS. 5 and 6 are plots useful in discussing design

considerations of the invention.

DETAILED DESCRIPTION

With reference now to the drawings, FIG. 1 shows a
typical prior art form of position sensor 10 in which the
magnetic circuit comprises an exciter portion 12 of
ferromagnetic material made up of a succession of teeth
12A spaced by gaps 12B and a stationary sensing por-
tion comprising the permanent magnet 14 supporting on
one surface the sensing element 16 and a flux guide 18
for providing a return path for the magnetic field. As
shown, the width of each tooth is about equal to the
width of the magnet and of the sensing element. Option-
ally, a field concentrator (not shown) may be localized
over the sensing element 16 in the form of a thin layer
of a high permeability ferromagnetic material.

The exciter 12 typically is a plate with spaced teeth
along one edge and is adapted to move horizontally so
that its teeth pass under the permanent magnet 14 and
the sensing element 16 in accordance with the move-
ment of a position that 1s being sensed. Alternatively,
the exciter may be a circular plate, with teeth around its
circumference interspersed with slots, that rotates about
a fixed center for varying the position of the teeth rela-
tive to the sensing element. The exciter is typically of a
high permeability ferromagnetic material, such as iron.

The permanent magnet is polarized vertically in the
plane of the paper, as indicated. The sensing element
typically 1s a magnetoresistor, a two terminal element
whose resistance increases with increasing magnetic
flux passing vertically through its bulk and typically
had nearly the same width as the magnet. A variety of
semiconductive compounds, such as indium antimonide
and indium arsenide are known to exhibit strong mag-
netoresistive effects. Alternatively, the sensing element
may be a magnetodiode of the kind in which the mag-
netic flux i1s used to deflect charge carriers by Lorentz
forces from regions of high carrier lifetimes to regions
of low carrier lifetimes for modulating the resistance of
the magnetodiode. Additionally, in some instances, the
sensing element may be a magnetotransistor to provide
gain, although this is a three terminal device that adds
complexity.

The flux guide 18 also is advantageously of a high
permeability material, such as iron, and its presence can
increase the flux density through the sensor by provid-
ing an efficient return path for the flux passing through
the exciter. To this end, the center-to-center spacing of
adjacent teeth of the exciter and the center-to center
spacing of the magnetic path formed by the permanent
magnet and the flux guide are made essentially equal, as
shown. Such a flux guide, however, in fact adds little to
the sensitivity and so is unnecessary if adequate flux
density i1s provided, either by a magnet of sufficient
thickness or choice of magnet material.

Typical dimensions might be about one millimeter
both for the vertical thickness and for the horizontal
width of the magnet 14, similarly about one millimeter
for the height and width of each tooth 12A, about two
millimeters for the width of a gap 12B, and about one
millimeter for the separation between tooth and the
magnet in the position shown. The flux guide 18 typi-
cally would be of the same scale and would add about
another millimeter to the height of the magnet path.
The lateral dimension of the magnet normal to the plane
of the drawing typically 1s wide enough to keep low any
edge effects in the sensing element.

3

10

15

20

25

30

35

40

45

50

55

65

4

With a magnetic circuit of this kind, the maximum
sensitivity that is obtained tends to be less than about
five percent. Moreover, sensors are known in which the
stationary part of the magnetic circuit includes a pair of
magnetic sensing elements for use as separate legs of a
differential sensor. In such cases, the two sensing ele-
ments typically are so spaced that when one of the
sensing elements is positioned directly opposite one
tooth, the other sensing element is positioned directly
opposite the center of the gap between adjacent teeth to
maximize the difference of the outputs from the time
sensing element. Such sensors provide higher sensitivi-
ties but at the expense of greater complexity.

In FIG. 2, there is shown a position sensor 20 in
accordance with a preferred embodiment of the present
invention. Its magnetic circuit includes the exciter 12
that may be similar to the exciter inciuded in the posi-
tion sensor 10 shown in FIG. 1 and so the same refer-
ence number is used. The stationary portion of the mag-
netic circuit is shown in greater detail in FIG. 3. It
includes a permanent magnet 22, magnetized vertically
as shown, and on its bottom surface there 1s providea
the sensing element 16 that may be similar to sensing
element 16 in the position sensor 10 of FIG. 1. In accor-
dance with a feature of the invention, intermediate be-
tween the sensing element 16 and the permanent magnet
22 there 1s inciluded a layer 24 of high permeability
magnetic material, such as iron, that covers the entire
bottom surface of the permanent magnet 22. Addition-
ally, to ensure that this layer does not electrically short
the sensing element 16, there is included an insulating
layer 26 intermediate between the sensing element 16
and the layer 24. If the layer 24 were of a non-conduct-
ing material, such as high permeability ferrite, the insu-
lating layer 26 would become unnecessary and so might
be omitted.

In sensor 20, in accordance with a feature of the
invention, for increased sensitivity the width W of the
permanent magnet 22 is considerably wider than the
typical width of the prior art sensor 10 shown in FIG. 1.
Advantageously, the width of the permanent magnet is
made to be the sum of the width of one tooth and two
gaps of the exciter, as shown, as seen in FIG. 2, and so
about one and one half times the pitch of the teeth of the
exciter. By way of contrast, in the sensor shown in FIG.
1, the width of the permanent magnet 14 essentially
matches that of a tooth 12A of the exciter. Moreover,
the improvement in sensitivity provided by this increase
in magnet width is further augmented by the presence
of the magnetic layer 24.

For maximum magnetic sensitivity, in our design it is
another feature that the width of the sensing element is
desirably as narrow as is convenient. However, for
electrical circuit efficiency, it is desirable that the ele-
ment have a sufficiently high resistance, for example, at
least 100 ohms, which imposes practical limits on how
narrow the element may be. Also the sensing element
needs to be wide enough to have adequate power dissi-
pation capabilities. Nevertheless, the sensing element
typically would be significantly narrower than the
tooth element unless the exciter design involved unusu-
ally narrow teeth. As shown, the sensing element 16 is
provided at opposite ends with electrodes 16A and 16B
by means of which it may be connected into an appro-
priate electrical circuit. These are typically metallic
platings deposited on the insulating layer 26. The ferro-
magnetic layer illustratively can be about 0.1 millime-
ters thick and of a material such as low carbon steel



4,926,122

S

1008. The result is a geometry made up of a series of
planar layers that is easy to manufacture.

The sensing element 16 typically is chosen in accor-
dance with the particular application intended. A mag-
netoresistor is preferred for most applications since it is
essentially independent both of the direction of the
magnetic flux passing therethrough and also of its own
shape since its sensitivity depends on the average flux
intensity passing therethrough. Where small physical
size is of primary importance, a magnetodiode or mag-
netotransistor may be preferred, although these are
typically sensitive to the direction and specific area
where the magnetic flux passes through the sensing
element. -

FIGS. 4A and 4B illustrate the conditions for maxi-
mum and minimum flux through the sensing element 16
respectively for the position sensor 20 shown in FIG. 2.
As seen in FIG. 4A, when the sensing element 16 is
directly opposite a tooth 12A of the exciter, the flux
density represented by lines 30 through sensing element
16 is comparatively high. However, when the exciter

has moved so that the sensing element 16 is opposite the
center of a gap 12B between teeth, the flux density

through the sensing element 16 1s comparatively less.
Typically, the maximum flux density may be 0.2 Tesla
and the minimum flux 0.15 Tesla for a 2 millimeter thick
MQ2 magnet. MQ2 magnet material is an NdFeB alloy
that has an energy product between 13-~15 MGOe, is
isotropic and 100 percent dense and is a trademarked
product of General Motors Corporation.

The role of the ferromagnetic layer 24 makes it easier
for the flux to travel towards or away from the sensing
element 16, thus increasing the maximum flux and de-
creasing the minimum flux that passes through the sens-
ing element, and thereby increasing the sensitivity,
which is dependent on the difference between the maxi-

mum and minimum fluxes sensed. |

In particular, the movement of the exciter teeth little
affects the total flux density but does vary the spatial
distribution of the flux density along the width of the
magnet, creating sharp local flux density variations that
can be sensed by a localized sensing element, such as a
magnetoresistor. The ferromagnetic layer permits the
flux density to be distributed along the magnet width in
a way that reflects the profile of the air gap between the
stationary portion of the magnetic circuit and the ex-
citer. Where this air gap is narrow, the flux density is
high, where this gap is wide, the flux density is low.
Since this air “gap” is narrowest alongside a tooth of the
exciter, the flux density there will be highest and this
density peak will follow the tooth movement along the
width of the magnet. In particular, our tests have shown
that the addition of the thin ferromagnetic layer 24 in
the manner described can essentially double the sensi-
tivity of a sensor with an already optimum width mag-
net. The optimum thickness of the ferromagnetic layer
is determined by the maximum flux density it is desired
to guide without saturation. Layers even as thin as five
microns have proven to be useful for a sensed maximum
flux density of about 0.12T. For this flux density im-
provement tends to level off when the thickness reaches
about 25 microns.

The magnetic layer 24 can be provided simply as a

10

15

20

25

30

33

45

30

55

thin metallic foil attached to the surface of the perma-

nent magnet 22 using conventional adhesives. Alterna-
tively, magnets manufactured by compressing and/or
sintering magnetic powder, can produce a ferromag-
netic layer as an integral part of the permanent magnet.
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To this end there is introduced into the die cavity an
appropriate amount of iron powder, before or after the
magnetic powder is introduced, and then the powders
are compressed together. Moreover, the planar geome-
try makes feasible batch-processing whereby hundreds
of magnetoresistors may be deposited simultaneously on
a relatively thin unmagnetized permanent magnet wafer
having a ferromagnetic layer and an insulating layer.
The wafer would then be cut into separate sensors, the
sensors packaged, and the permanent magnets magne-

tized.
- It appears that the increase in sensitivity i1s achieved
at the expense of a lowering of the mean flux density. If
this is of concern for effective modulation of the partic-
ular magnetoresistor being used, the mean flux density
can be increased to the desired level with little effect on
the sensitivity by increasing the thickness of the magnet
and/or the magnet type, thereby maintaining the de-
sired planarity of the sensor and avoiding the need for a
flux guide to improve flux density. However, in special
instances where neither of these expedients is adequate,
a flux guide may be induced to improve the flux density
involving teeth further along the exciter.

In order to translate optimally the high magnetic -
sensitivity of the magnetic circuit described into high
electrical sensitivity, the sensing element needs to be
appropriately positioned on the magnet. FI1G. 3 shows a
typical envelope of maximum attainable sensitivity plot-

ted against the normalized distance d/W of the sensing

element where d is the distance'from the midpoint of the
magnet of width W. It can be seen that the peak attain-
able sensitivity is at the midpoint of the magnet (d=0)
and at a minimum at each end of the magnet
(d/W =9%).5). Accordingly, the optimum location of the
sensing element is at the midpoint of the magnet.

It is also important to have a proper width for the.
sensing element, particularly when the element is a

magnetoresistor that produces an electrical output sig-
nal corresponding to the average of the flux density

across its surface.

The flux density distribution along the length of the
magnetoresistor, however, can be assumed to be con-
stant. Thus, one is required to consider the flux density
or sensitivity distributions only along the magnetoresis-
tor width. Because of that, the effective electrical sensi-
tivity will be directly related to the average magnetic
sensitivity as determined by integrating the magnetic
sensitivity distribution given in FIG. 6 over the magne-
toresistor width WMR. FIG. 6 shows how the sensitiv-
ity varies along the magnet width for the alignment
shown in FIGS. 4A and 4B. Looking at the sensitivity
distribution, one would tend to maximize the electrical
sensitivity by attempting to make WMR as small as
possible. Small size, however, would lower the resis-
tance and power dissipation capability of the magneto-
resistor, and in turn lead to a lower output signal. The
selection of WMR has to be a compromise which takes
into account several conflicting requirements such as
the practical limitations on the magnetoresistor length,
the best possible sensitivity, sufficiently large resistance
and power dissipation, the lowest possible magnetore-
sistor cost (smaller magnetoresistors are generally less
expensive), etc. Considering available magnetoresistor
technology, the mintmum practical value of WMR for
the exciter design that has been discussed presently
appears to be about 0.3 mm which amounts to
d/W =0.033 and yields an effective magnetic sensitivity
SM of about 28 percent. A 0.6 mm width would still
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provide sensitivity of about 26 percent. The width
WMR in any case desirably should be less than the
width of the teeth in the usual design. The height of the
sensing element may be small, typically tens of microns,
whereby the planarity of the associated surface is little 3
disturbed by its presence.

It is also found in our design that the ratio of tooth
width T to tooth pitch P also affects sensitivity. It has
been found that the sensitivity tends to be maximum for
T/P ratios of about 0.25 but to remain relatively flat
over the range between 0.17 and 0.37.

It is also found in our design that the tooth pitch
affects sensitivity and in particular that increasing the
tooth pitch can appreciably increase the sensitivity. For
example, for the design discussed, a change in pitch
from 3 mm to 5 mm can increase the maximum sensitiv-
ity to about 58 percent when conditions are optimized.
Since sensitivity decreases with increasing air gap size
between the exciter and the magnet, increasing the
tooth pitch offers a way to compensate for larger air
gap sizes and offers a designer an ability to trade off
between air gap width and tooth pitch.

In addition, it is found that the stationary portion of a
sensor of the kind described can be used effectively 45
with a broad range of exciter wheel tooth pitch sizes.
This feature offers a considerable cost saving potential,
for example, for applications such as ABS designs that
employ widely differing tooth pitch sizes. If a sensor of
a particular stationary design is intended to operate 30
with wheels having different tooth pitch sizes, the mag-
net width preferably should be chosen to optimize the
sensor for the smallest tooth pitch size so that the lowest
sensitivity, encountered when using the exciter wheel of
smallest tooth pitch size, will be as high as possible. As 35
previously discussed, the optimum magnet width is
about 1.5 times the tooth pitch size.

It 1s to be understood that the specific embodiments
described are merely illustrative of the general princi-
ples of the invention and various modifications may be 40
devised without departing from the spirit and scope of
the invention. For example, it is feasible to reverse the
roles of the stationary portion and the moveable portion
of the position sensor. Additionally, the various dimen-
stons and materials mentioned are merely iilustrative of 45
a typical design and other designs could necessitate
other dimensions and materials.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows: |

1. A position sensor comprising:

a stationary portion and an exciter portion adapted to

move past said stationary portion;

said stationary portion including a permanent magnet

having a planar major surface normal to the polar-
1zation of the magnet, a ferromagnetic layer over-
lying said major surface, and a sensing element
centered along the width of said surface over said
layer, the width of said sensing element being sub-
stantially less than .the width of said magnet; said
exciter portion including a succession of teeth
spaced apart by gaps that effectively define a tooth
pitch, the width of each of said teeth being less than
the width of each of said gaps and more than the
width of said sensing element; and the width of said
magnet being approximately one and one half times
the tooth pitch of the exciter portion.
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2. The position sensor of claim 1 in which the ferro-
magnetic layer is coextensive with said one surface of
the permanent magnet.

3. A position sensor comprising:

a stationary portion and an exciter portion adapted to
move past said stationary portion;

said stationary portion including a permanent magnet
having a planar major surface normal to the polar-
ization of the magnet, a ferromagnetic layer over-
lying said major surface, and a sensing element
centered along the width of said surface over said
layer, the width of said sensing element being sub-
stantially less than the width of said magnet; and

said exciter portion including a succession of teeth
spaced apart by gaps that define a tooth pitch, the
width of each of said teeth being between about
0.17 and 0.37 the tooth pitch and more than the
width of said sensing element.

4. A high sensitivity magnetic sensing circuit that

comprises:

a magnetically permeable exciter portion having a
surface that includes a series of aligned raised areas
that can be considered as teeth spaced apart by
gaps that define a tooth pitch; and

a sensing portion disposed close to said exciter por-
tion for measuring relative disposition, including
relative movement, of said raised areas on said
exciter portion with respect to said sensing portion;

said sensing portion being characterized in that it
includes,

a permanent magnet having a width in the direction
of said relative movement that is about the sum of
one of said gaps and a whole number multiple of
sald pitch on said exciter portion in the direction of
said relative movement, and

said magnet supporting a centrally disposed magneti-
cally sensitive narrow electrical element on a sur-
face facing said exciter portion, with said narrow
electrical element having a width in the direction
of relative movement that is significantly narrower
than the width of an exciter tooth,

effective to provide flux density variations that travel
along the width of the magnet in the direction of
said relative movement, which flux density varia-
tions can be sensed by said magnetically sensitive
narrow element.

5. The magnetic circuit of claim 4 in which the raised
areas on the exciter are teeth having a given width in
the direction of relative movement, the gaps on the
exciter are about twice said given tooth width in the
direction of relative movement, and the magnet width
whole number muiltiple of pitch is one.

6. The position sensor of claim 4 in which the width
of said magnet is approximately one and one half times
the tooth pitch of the exciter portion.

7. The position sensor of claim 6 in which the tooth
width is between about 0.17 and 0.37 the tooth pitch.

8. The position sensor of claim 6 in which the tooth
width 1s 0.25 the tooth pitch.

9. A high sensitivity magnetic sensing circuit that
comprises:

a rotatable magnetically permeable exciter portion
having a generally circular surface that includes a
series of teeth separated by slots that define a tooth
pitch; and

a sensing portion disposed close to said exciter por-
tion for measuring relative disposition, including
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rotational speed, of said teeth on said exciter por-
tion with respect to said sensing portion;

said sensing portion being characterized in that it
includes,

a permanent magnet having a width in the direction
of said rotation that is about the sum of one of said
slots and a whole number multiple of said pitch in
the direction of said rotation, and

said magnet supporting a centrally disposed narrow
magnetically sensitive electrical element on a sur-
face facing said exciter portion, with said narrow
electrical element having a width in the direction
of said rotation that is significantly narrower than
the width of an exciter tooth and as narrow as is
convenient,

whereby said rotation between said exciter portion
and said sensing portion produces a localized in-
crease in flux density traveling along the width of
the magnet in the direction of said rotation that
corresponds to an exciter tooth and that can be
sensed by said narrow magnetically sensitive elec-
trical element.

10. The magnetic circuit of claim 9 in which the

exciter is a rotatable soft iron member.

11. A high sensitivity magnetic sensing circuit that

comprises: |

a magnetically permeable exciter portion including a
series of raised tooth-like areas spaced apart by
gaps which effectively define a tooth width and
tooth pitch; and

a sensing portion disposed close to said exciter por-
tion for measuring relative disposition, including
relative movement, of said raised tooth-like areas
on said exciter portion with respect to said sensing
portion;

said sensing portion being characterized in that it
includes, |

a permanent magnet having a width in the direction
of said relative movement that 1s about the sum of
one of said gaps and a whole number muitiple of
said pitch on the exciter portion in the direction of
said relative movement,

a magnetic flux concentrator layer on said magnet
having a substantially smooth surface facing said
£exciter portion,

a magnetically sensitive electrical element insulat-
ingly supported on said magnetic flux concentrator
layer, said electrical element being centrally dis-
posed on said flux concentrator layer surface facing
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said exciter portion, said electrical element being
characterized in that it has a width in the direction
of relative movement that is significantly less than
said tooth-like areas and as narrow as is convenient,

whereby said relative movement provides sharp local
flux density variations traveling along the width of
the magnet in the direction of said relative move-
ment corresponding to tooth positions, which vatri-
ations can be sensed by said narrow sensing ele-
ment.

12. The magnetic circuit of claim 11 in which said
relative movement is rotation, said exciter is a cylinder
that is rotatable about its own axis, rotation of said
cylinder provides said rotation, said tooth-like areas are
on an axial surface of the cylinder, the width of said
magnet is approximately the width of one of said tooth-
like areas and two of said gaps in the direction of said .
rotation of said exciter portion, and said flux concentra-
tor layer surface facing the exciter is essentially planar.

13. The magnetic circuit of claim 11 in which the flux
concentrator layer surface is an integral part of said
magnet.

14. The magnetic circuit of claim 12 in which the flux
concentrator layer is an integral part of said magnet.

15. The magnetic circuit of claim 11 in which super-
posed planar layers comprise the magnet and flux con-
centrator layers. |

16. The position sensor that includes a magnetic cir-
cuit that comprises an exciter portion including teeth
spaced apart by gaps and a sensing portion for relative
movement therebetween, characterized in that the sens-
ing portion includes a permanent magnet having one
surface approximate the exciter portion relatively wide
compared to the width of an exciter tooth, a layer of
high permeability magnetic material over and coexten-
sive with said one surface, and a magnetic sensing ele-
ment on said layer positioned along a limited portion
and substantially centered between the two ends of the
permanent magnet, wherein said magnetic sensing ele-
ment has a width that is less than the width of an exciter
tooth, and the width of the permanent magnet is ap-
proximately 1.5 fimes the tooth pitch of the exciter
portion.

17. The position sensor of claim 16 in which the tooth
width 1s between about 0.17 and 0.37 the tooth pitch.

18. The position sensor of claim 17 in which the tooth
width 1s about 0.25 the tooth pitch.
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